Abstract: Aenasius bambawalei (Hymenoptera: Encyrtidae) is a koinobiont nymphal endoparasitoid of cotton mealybug, Phenacoccus solenopsis (Hemiptera: Pseudocccidae). Functional analysis of the venom of the wasp was performed by artificial microinjections of both crude and treated venom (heat and proteinase) of the wasp containing 0.3 and 0.5 µl in non-parasitized and synchronized adult hosts (mealybugs) and the mortality data were recorded 24, 48, 72 and 96 hours post injecton while mealybugs receiving saline injections were acted as control. The main effects for artificially envenomated mealybugs were observed on their mortality and survival. The biological activity of crude venom was also evaluated by heat and protease treatment. Here, we demonstrate that maximum mortality (82 ± 2.0%) was achieved by microinjections containing higher volume (0.5 µl) of crude venom while lower mortality (68 ± 4.0%) was achieved with lower volume of venom (0.3 µl). On the other hand, heat and proteinase K treated venom did not show any significant effect on mortality of the host insect. Our findings suggest that bioactive components of the crude venom are proteins which lost their activity upon heat and protease treatment. This basic information regarding the functional role of the venom of A. bambawalei serves as a starting point for comprehensive analysis of the role of the venom of the parasitoid on the regulation processes in its host.
Introduction
In Pakistan's economy cotton plays a fundamental role in the financial system being responsible for supplying raw materials to ginneries, textile industries and oil expelling units (Anonymous 2006) . Cotton and its products contribute about 10 percent in GDP and 55 percent in the foreign exchange earnings of the country (Dhawan et al. 2009 ). With its extensive farming as a monoculture crop, it is attacked by many chewing and sucking insects (Saeed et al. 2007 ). In Pakistan from 2005 to onwards, the mealybug Phenacoccus solenopsis Tinsely, 1898 (Hemiptera: Pseudococcidae) became a highly intrusive and economic pest of cotton and many other economic crop plants. Most recent reports on the invasiveness of P. solenopsis have been from the Eastern region of Sri Lanka on ornamentals, vegetable crops, and weeds, in China on cotton (Wang et al. 2009 ). It gained the status of a serious pest in the cotton growing areas of Punjab and Sindh Provinces of Pakistan by causing significant crop losses (Arif et al. 2009; Abbas et al. 2010) . The mealybug species in Pakistan has been identified as P. solenopsis (Hodgson et al. 2008; Ashfaq et al. 2010 ) and has been described as a serious and invasive pest of cotton in Pakistan and India (Hodgson et al. 2008) . Synthetic insecticides are extensively used and considered as an effective tool for the control of this pest insect (Saeed et al. 2007 ). The insecticides of synthetic origin are largely used for insect control, however, they may have a negative impact on the environment and on non-target organisms. The use of natural insecticide molecules can be seen as a very promising alternative to chemical pesticides, because of their higher specificity and selectivity. Losses due to insect herbivores, estimated at 10-20% for major crops, are significant factors in limiting food production (Ferry et al. 2004) .
Today, in fact, the use of biological control agents (predators and parasitoids) and of toxins derived from them appears as a valid method to discover more opportunities for developing safe pest control strategies and to limit the use of chemical insecticides (Pennacchio et al. 2003) . The study of the physiological and molecular mechanisms underlying the antagonistic host-parasitoid associations in insects provides a very interesting and nearly unexploited opportunity to isolate genes and molecules with potential insecticide activity. Parasitoids of the order Hymenoptera show Functional role of the venom of A. bambawalei 1047 an astonishing variety of regulation strategies of their hosts, characterized by a number of serious pathologies, ranging from severe immune suppression (Schmidt et al. 2001; Lavine & Strand 2002) to neuroendocrine disorders associated with developmental and reproductive disruptions (Lawrence & Lanzrein 1993; Pennacchio et al. 2001) . Most of these host syndromes are induced by regulation factors injected by the ovipositing parasitoid female, such as venom and polydnaviruses (PDVs) (Pennacchio & Strand 2006) . Parasitoids are significant as diverse biological agents, which spend part of their life in the body or on the body surface of other invertebrates (Quicke 1997; Renault et al. 2005 ).
Here we have focused on one of the most important host regulation factors injected by the ovipositing female of Aenasius bambawalei Hayat, 2009 in the host mealybug P. solenopsis.
Aenasius bambawalei has been reported as a solitary nymphal endoparasitoid of cotton mealybug, P. solenopsis, which induces up to more than 80 percent parasitization (Ram et al. 2009; Dhaliwal et al. 2010) . The venom of parasitic hymenoptera has the potential for developing novel environmentally safe insect control strategies and it is a blend of biologically, pharmacologically and physiologically complex mixture of peptides, biogenic amines, proteinaceous and nonproteinaceous compounds. Physiological and molecular studies exploring the functional role of the parasitic venom in host regulation processes have been carried out for the last few decades (Asgari & Rivers 2011) . Female wasp injects venom into their hosts during the parasitization process in order to regulate the host's immunity and physiology for the interest of the development of its offspring. In some cases, like in Encyrtidae, only venom is injected along with the parasitoid egg into the host body where, as in many species of Ichneumonidae and Braconidae, synergetic effect is complemented by the injection of polydnaviruses or virus-like particles into the host. In a study of the parasitism effects of Asobara japonica Belokobylskij, 1998 on Drosophila melanogaster Meigen, 1830 larvae, it was observed that this parasitoid wasp exhibits a distinctive way of escaping encapsulation and injection of venom and ovarian proteins into the host facilitating the successful development of the parasitoid (Mabiala-Moundoungou et al. 2010) .
The aim of this study is to provide a basic overview of the functional role played by the venom of A. bambawalei in the host regulation process of P. solenopsis.
Material and methods

Insect rearing and handling
The endophagous encyrtid parasitic wasp A. bambawalei was reared on the colonies of its natural host P. solenopsis. Parasitized mealybug mummies were collected in plastic jars directly from the fields of cotton and vegetables (e.g., tomato, eggplant, okra, pumpkin etc.) located in the main campus of the University of Agriculture, Faisalabad, Pakistan. Mealybug and parasitoid cultures were maintained in two separate glass jars; both placed at 28 ± 1 • C, 65 ± 5% relative humidity (RH) and 18 h light/6 h dark photoperiod by following a slightly modified approach as described by Ulabdin et al. (2013) . Naive/virgin parasitoid adults were obtained from mummies of mealybug kept singly in glass vials, plugged with cotton wool in the laboratory.
Effective parasitization was obvious when the parasitized mealybug sheds its wax, swells and hardens into a leathery, brown colored structure called "mummy". Complete development of parasitoid larvae depends on temperature and other environmental factors. Non-parasitized mealybugs were kept in separate glass jars under the same environmental conditions. Parasitoids used in the experiments were obtained from the mummies of mealybugs and isolated singly in glass vials plugged with cotton wool and provided with honey and water as a food source upon emergence. The adults of A. bambawalei were separated by sexes: morphologically the females were easily distinguished from the males by their pointed/conical abdomen (ovipositor).The parasitoids collected were frozen at -80
Extraction/collection of venom Aenasius bambawalei females of mixed ages were collected directly from the rearing cages singly in glass vials and anaesthetized by putting vials at 4
• C. The whole venom gland of adult females, previously anaesthetized, was pulled out by grasping the ovipositor tip with fine forceps, while holding and keeping the abdomen of the female with another forceps in a drop of Pringle's saline solution (Pringle 1938) under microscope. The venom glands and venom reservoirs obtained from each female were pooled in 1.5 ml eppendorf tubes. Up to 20 females venom glands were collected in an eppendorf tube containing Pringle's solution. The resulting crude extract was centrifuged at 5,000 g for 5 min, at 4
• C and transferred to a sterile eppendorf tube and was finally diluted in an appropriate volume of saline solution in order to obtain the needed concentration, i.e. female equivalents (number of females processed as described above/µl). Venom extract was used immediately for micro injections of healthy mealybugs or stored at -80
• C for further experiments.
Venom inactivation treatment
Heat treatment. To assess the sensitivity of the whole extract to heat, an inactivation protocol was adopted as described by Digilio et al. (2000) . The heat inactivating treatment was performed by boiling the extract for 5 min. Proteinase K treatment. The enzymatic digestion treatment was carried out by using active proteinase K (Thermo Scientific Co., Waltham, MA, USA), which were incubated with the extract at 37
• C for 1.5 h. The digested extracts were stored at -80
• C until used. Untreated extract was used as control.
Biological activity of venom extract
Biological activity of venom extract of A. bambawalei was assessed through microinjection bioassays. The experiment was repeated five times by taking 50 mealybugs (10 for each replication). Two volumes of venom extract were used (0.3 & 0.5 µl) for each treatment and data were recorded in 24, 48, 72 and 96 hour intervals after injection. Microinjections in all treatments were performed on non-parasitized adult host mealybugs, which were synchronized as described by Pennacchio et al. (1995) . Experimental insects were anesthetized by putting them in refrigerator/ice and injections were performed by following a slightly modified protocol as described by Digilio et al. (2000) through the basal membrane of pro-thorax, by using a glass microcapillary tube with a very fine tip. The microcapillary tube was loaded by capillarity action. Mealy bugs receiving saline injections acted as control. We have injected crude venom into adult hosts and after injection they were kept at 28 ±1
• C, 65 ± 5% (RH) and 18 h light/6 h dark photoperiod. Data on mortality and number of crawlers emerged from the treated adults were also recorded on daily basis. (Because A. bambawalei is a nymphal koinobiont parasitoid, after parasitization their development does not stop). Because data were recorded at maximum exposure periods, during this period many treated adult mealybugs hatched.
Statistical analysis
The data for adult mealybugs mortality and F1 (crawler emergence) were analyzed statistically by using Statistics version 8.1 (Analytical software 2003) and subjected to the analysis of variance under completely randomized design. Means were separated by Tukey HSD test at a significant level of P < 0.05.
Results
Biological activity of crude venom
Crude venom of A. bambawalei was assessed for bioactivity against its host, P. solenopsis through microinjections containing different volumes of venom at different time intervals. Our findings show that mealybugs receiving a microinjection of 0.3 and 0.5 µl crude venom resulted in 18 ± 3.74 and 30 ± 3.16% adult mortality, respectively (ANOVA, df = 2, F = 28.5, P < 0.001) when compared to the control (saline injections) where zero percent (0.0%) mortality occurred after 24 h of injection (Table 1) . Maximum mortality was recorded at injections of 0.5 µl crude venom (82 ± 2%, F = 74.8, P < 0.001, P < 0.05, Tukey test), followed by injections of 0.3 µl (68 ± 4.0%, P < 0.05) as compared to control treatment where 4.0 ± 2.44% mortality was recorded 96 h post injection. The mortality of adult P. solenopsis increased with the increase in venom volume injected and time after injection (82 ± 2%, at P < 0.05 after 96 h) (Table 1) .
Biological activity of treated crude venom
Crude venom treated with heat and proteinase K caused no significant mortality, suggesting that the active components of the venom are proteins which lost their activity upon heat and proteinase K treatment (Table 1) . Injections containing 0.5 µl of treated venom (heat and proteinase) exhibited a 10.0 ± 3.16% (ANOVA, df = 2, F = 1.27, P = 0.315) and 8.0 ± 3.74% (ANOVA, F = 0.62, P = 0.55, Table 1 ) mortality of the host, respectively, followed by control (saline injections) with 4.0 ± 2.44% mortality 96 h post injection (Tukey test, P < 0.05). 24 h post injection, there was no mortality (0.0%) of the host at either venom volumes (0.3 and 0.5 µl) or venom treatments (heat and proteinase) ( Table 1 ). It was observed that the death rate increased with the increase in volumes of crude venom and exposure periods as shown in Table 1.
Effect of crude venom on F1 generation
Crude venom treatment showed a significant effect on the population reduction in the F1 generation of cotton mealybug. At the volume of 0.5 µl the number of F1 crawlers was reduced to 52.20/mealybug, followed by 87.60/mealybug at the volume of 0.3 µl, whereas in control treatment the highest number of F1 crawlers developed (184.0/mealybug) (ANOVA, df = 2, F = 4.32, P < 0.038, Tukey, P < 0.05, Table 2 ). However, injection of mealybugs with crude venom treated with heat or proteinase K showed no significant reduction of the F1 generation of the mealybug population when compared to control treatment (Table 2) . 
Discussion
Insect physiology and biochemical metabolism are considerably redirected by parasitoids in order to support the growth and development of their pre-imaginal stages. The most evident alterations induced in parasitized host mealybugs are a total or partial castration, developmental arrest and reduction of reproductive activity.
In the present study, crude venom of the parasitoid A. bambawalei caused the highest mortality (82 ± 2.0%) of the host cotton mealybug, P. solenopsis at 0.5 µl of venom injected, followed by 68 ± 4.0% mortality at a volume of 0.3 µl after 96 hours post injection periods, whereas in control treatment 4.0% mortality occurred. The results showed that with the increase in venom volumes and post-injection period, the mortality of mealybug also increased (Table 1) . Our findings are similar to Khalfi et al. (2008) who studied the effect of essential oil from Origanum glandulosum (Lamiaceae) against Rhizopertha dominica (F., 1792). Toxicity tests showed that insect mortality increased with the increase in volumes injected and time period after treatment. Endoparasitoids inject a mixture of bioactive components during oviposition. These components include calyx fluid, venom proteins and symbiotic viruses and virus-like particles (VLPs) such as polydnaviruses (PDVs) etc. (Asgari & Rivers 2011) which are injected by the ovipositing female wasp to suppress the host immune response (Pennacchio & Strand 2006) .
In our study, injection with heat and proteinase K treated venom showed non-significant mortality, suggesting that bioactive components of the crude venom are proteins which ultimately lost their activity upon heat and proteinase K treatment. Further, the emergence of F 1 crawlers was significantly affected by the injection of crude venom, whereas heat and proteinase K treated venoms did not have any significant impact on crawler emergence. Our findings are similar to the results obtained by Trostanetsky & Kostyukovsky (2008) who concluded that treatment of Tribolium castaneum (Herbst, 1797) adults with CSIs (chitin synthesis inhibitors) affected the subsequent development of offspring.
The parasitoid factors inducing alterations in the host are present in the female reproductive secretion containing venom and ovarian fluid. In this study, our main focus was to investigate the effects of parasitic venom extract on the host development. The adult wasp injects the venom along with egg into the host's body at oviposition. The venom is naturally produced by the venom glands of female parasitoids which are usually attached to their reproductive system. Immediate paralysis, sudden death of the host, and/or at least developmental arrest of host are the main indicators of a successful parasitization, while those of embryonic origin are derived from the serosal membrane or from other embryo-associated tissues. Parasitoid larvae do also regulate host physiology. From a functional perspective, the host regulation factors are mostly involved in the evasion of host immune response or may cause disruption of the host endocrine system often associated with altered patterns of development and reproduction (Digilio et al. 2000) .
The venom of A. bambawalei usually causes paralysis of the host insects, which gradually leads to their death. The bioactive components of the venom of the wasp are proteins. The paralysis persists over a long period of time which ultimately leads to the mummification of the host mealybug.
Conclusion
Venom of the wasp A. bambawalei has toxic/insecticidal effects on its host mealybug, P. solenopsis. The bioactive components of the crude venom are proteins with potential insecticidal value, which may be exploited later on for in depth molecular and functional studies in order to develop sustainable plant protection strategies for mealybugs.
